
National Aeronautics and Space Administration 
Goddard Space Flight Center 

Contract No. NAS-5-9299 

ST - PF - GM - 10494 

SOME QUESTIONS OF GEOEFFECTIVENESS OF SOLAR 
CORPUSCULAR S TREAMS 

by 

L A. Zhulin 

(USSR) 

a 

I 
0 N 6 6  87202 

'- (ACCESSION NUMBER) 

d 
(CATLOORY) 

. /  
2 J U N E  1 9 6 6 -  



S T - R ?  - GM-10494 

SOFE QUESTIONS OF GEOEFFECT"ES_S_OF SOLAR 
CORPUSCULAR STEAEIS - 

Geomagnetizm i Aeronodga 
Tom 6, Bo. 2,197-204, 
I z d a t e l ' s t v o  r'NAUKArr , 1966 

S U M M A R Y  

by I. A. Zhulin 

It is noted t h a t  the  magnetic f i e l d  of  solar corpuscular  streams 
plays an i n t e r v e n i n g  role i n  the  i n t e r a c t i o n  of  t he  fluxes with t h e  E a r t h ' s  
ma&netosphere, thus l e a d i n g  t o  t h e  i n c r e a s e  o f  t h e  e fTec t ive  i n t e r a c t i o n  
c r o s s  s e c t i o n ,  determining t h e  p o s s i b i l i t y  o f  s o l a r  plasma i n j e c t i o n  i n t o  
the  E a r t h l s  magnetosphere, modifying t h e  degree of f r i c t i o n a l  e f f e c t  at in -  
t e r a c t i o n  and so f o r t h .  

i m p o s s i b i l i t y  of  t h e  stream's f i e l d  p e n e t r a t i o n  i n t o  the  E a r t h ' s  magnetosphe- 
re and of the thereby  connected requirement of magnetohydrodynamic t rea tment  
of t he  theory  of geomagnetic d i s turbances .  Discussed also are the  poss ib l e  
mechanisms of energy transfer t o  E a r t h ' s  magnetosphere. 

Considered are t h e  quest ions of magnetic flux conserva t ion ,  of t h e  

* 

1.- Ser ious  a t t e n t i o n  has been l a t e l y  given t o  t h e  ques t ions  of 

s o l a r  corpuscular  streams' i n t e r a c t i o n  w i t h  t he  geomagnetic f i e l d .  When ana- 

l y z i n g  t h e s e  rluestions,  t h e  knowledge of  t h e  s t r u c t u r e  and of va r ious  para- 

meters  of  s o l a r  corpuscular  s t reams (s.c.6.) has  a g r e a t  s i g n i f i c a n c e .  

The q u a n t i t a t i v e  computations of  i n t e r a c t i o n  have been conducted 

only f o r  a uniform s t a t i o n a r y  solar plasma f l o w  without  magnetic f i e l d  c11; 

the at tempt  t o  account f o r  t h e  e f f e c t  of t h e  i n t e r p l a n e t a r y  f i e l d  [23 is 
reduced t o  t h e  p a r t i c u l a r  case of a uniform f i e l d .  Neanwhile, from the  s tand-  

poin t  of geoe f fec t iveness  o f  s . c . ~ ,  the  nons ta t ionary  case is p r e c i s e l y  t h e  

one r equ i r ed  for a nonuniforn f l o w ,  inasmuch as t h e  energy t r a n s f e r  from a 

uniform s t a t i o n a r y  f l u x  of s o l a r  plasma t o  t h e  E a r t h ' s  magnetosphere is 

impossible  c33. - Note also t h a t  t h e  v a r i a t i o n s  of flux's k i n e t i c  pressure  
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cannot y e t  be es t imated  

them t h e  r o l e  of mechanism of energy i n t r o d u c t i o n  i n t o  the E a r t h ' s  magneto- 

sphere.  

v a r i o u s  geomagnetic s torms  

 flux'^ k i n e t i c  pressure  still does n o t  determine t h e  subsequent cha rac t e r  
of s torm development, o f f e r s  i n t e r e s t ,  I n  connection w i t h  t h i s  t h e  search  

f o r  an  exp lana t ion  o f  t h e  d i f f e r e n t  degree of geoef fec t iveness  of S.C.S. 

i n  t h e  in f luence  of t h e i r  magnetic f i e l d  is e n t i r e l y  founded. 

s u f f i c i e n t l y  convincing i n  themselves t o  impart  t o  

From t h i s  viewpoint,  a comparative a n a l y s i s  o f  the  development of 

c41, showing t h a t  even a sharp v a r i a t i o n  of 

A t  t he  same time i t  i s  apparent ly  poss ib l e  t o  speak of a corpuscular  

s t ream as a sequence of plasma clouds with proper  magnetic f i e l d ;  the emis- 

s i o n  d u r a t i o n  of such a sequence is determined by the  development of e l e c t r o -  
magnetic f ie lds  above t h e  corresponding a c t i v e  reg ion  on the Sun. Aside 

from cons ide ra t ions  r e l a t i v e  t o  genera t ion  and emergence of  f luxes  [ 5 ] ,  
t h e  a n a l y s i s  C63 of the  magnetohydrodynamic i n s t a b i l i t y  of models of fluxes, 
in which e i t h e r  t h e  solar plasma s h i f t s  f r e e l y  along the  q u a s i r a d i a l  magnetic 

f i e l d ,  o r  t h e r e  exis t s  a plasma-intruded magnetic f i e l d ,  whose l i n e s  of 

f o r c e  a r e  linked with  t h e  Sun [?I, speaks a lso  i n  f avor  of such a represent -  

a t i o n .  The sporad ic  cha rac t e r  and t h e  b r e v i t y  of  p o l a r  geomagnetic d i s t u r b -  

ances DP C81 are also evidence of t h e  presence of  i r r e g u l a r i t i e s  i n  t h e  

corpuscular  flux, which we i d e n t i f y  w i t h  plasma clouds having t h e i r F o 3 e r  

magnetic f i e l d .  

the  proper  magnetic f i e l d  of plasma c l u s t e r s  m u s t  be frosen-in.  Thus, t h e  

magnetic f i e l d  h inde r s  t h e  r a p i d  d i f f u s i o n  of t h e  plasma cloud and 6erves  

as the cause of  t h e  f a c t  t h a t  t h e  fluxes behave as a f l u i d  ( t h e  l i n e a r  d i -  

mensions o f  t h e  flux exceed t h e  Larmor r a d i u s  L i ' v  900 km for a proton 

with energy w 1 kev i n  t h e  nagnet ic  f i e l d  o f  t h e  s t ream of - 5y ). 

Taking i n t o  account t he  h igh  conductance of t h e  plasma, 

2. - It should be noted t h a t  t h e  i n t e n s i t y  of t h e  magnetic f i e l d  

of t h e  flux is not  high t o  t h e  point  t h a t  a d i r e c t  dynamic e f f e c t  ought 

t o  be expected from t h e  f i e l d ' s  maenetic pressure.  Indeed, at B - 5 y t he  

mignet ic  pressure  would c o n s t i t u t e  only - 0.CU of  the  k i n e t i c  pressure  of 

a flux with  concen t r a t ion  - 1 0  and v e l o c i t y  5 e lo7 cm/sec. The 

i n c r e a s e  of  f i e l d  pressure  at conpression i n  the  process  of  i n c i d e n t  f l o w  

upon the  magnetosphere could not  i n c r e a s e  t h i s  e s t ima te  by more than 5-  10 

times; t h i s  would not  a f f e c t  t he  c o r r e l a t i o n  between t h e  k i n e t i c  and magne- 



t i c  press-8. Alongside with the  transverse ( r e l a t i v e  t o  fluxss d i r e c t i o n  

of  motion) p re s su re  component o f  thermal f l o w  t he  flux'8 magnetic pressure 

plays a d i r e c t  r o l e  only in processes  of l ock ing  the  t r a i n  of t h e  magneto- 

sphe re ,  t h a t  is, at  remote d i s t ances  from t h e  Ear th  c91, A n  important  r o l e  
may be played by the  flux's f i e l d  i n  nonadiaba t ic  processes  a t  magnetosphere 

boundary (plasma hea t ing  a t  t h e  expense o f  t h e  magnetic energy l i b e r a t e d  at 
a n n i h i l a t i o n  o f  t h e  m a p e t i c  f i e l d  of t h e  f l u x  and of t h e  geomagnetic f i e l d  . 
Horever,  t h e  l a t t e r  process ,  p a r t i c u l a r l y  i n p o r t a n t  for the  problem of  s o l a r  

f l a res  h O 3 ,  and also f o r  t he  c los ing  o f  t h e  t r a i n  of t h e  magnetosphere and 

t t e  a c c e l e r a t i o n  of p a r t i c l e s  i n s i d e  i t  c111, cannot s e rve  as a d i r e c t  me- 
chanism o f  energy i n t r o d u c t i o n  i n s i d e  t h e  maEnetosphere i n  t h e  course of 

d i r e c t  i n t e r a c t i o n  of the flux with t h e  E a r t h ' s  nagnelcsphere,  a c t i n g  only 

a t  its boundary. This  is p rec i se ly  t h e  rea8on why i t  is p laus ib l e  t o  search  

f o r  an explana t ion  of a d i f f e r e n t  c h a r a c t e r  f o r  t h e  development 0: var ious  

s torms  ou t s ide  t h e  d i r e c t  in f luence  of  t h e  magnetic f i e l d  of the  plasma 

cloud.  

3. - The f i e l c  of t h e  f lux  m a y  p lay  a s u b s t a n t i a l l y  g r e a t e r  r o l e  

as an in te rmeeiary ,  changing the  cha rac t e r  of  flux's plasma i n t e r a c t i o n  

w i t h  t h e  magnetosphere of t he  Earth.  h'ere me should  note  f i r s t  of a l l  t he  

j-ncrease of t he  e f f e c t i v e  i n t e r a c t i o n  c r o s s  s e c t i o n  of  t h e  f l u x  w i t h  t h e  

E a r t h ' s  magnetosphere and the  p o s s i b i l i t y  of t r a n s f e r  o f  g r e a t e r  ener ;y  t o  i t .  
Indeed,  t he  hydrodynamic t r e a t n e n t  of t he  i n t e r a c t i o n  is qu i t e  j u s t i f i e d  i n  

t h e  presence of a nagnet ic  f i e l d  i n  t h e  plasma flow. Its supersonic  charac- 

t e r  (which means t ha t  tbe  d i r ec t ed  v e l o c i t y  of plasma flow is p e a t e r  than 

the  L l f v k r ,  v e l o c i t y )  l e a d s  t o  t h e  formation of a s t a n d i n g  shock wave ahead 

of the  magnetosphere*, ir ,  connection wi th  which t h e  e f f e c t i v e  i n t e r a c t i o n  

c r o s s  s e c t i o n  is  determined by the  a p e r t u r e  angle of t h e  Nach cone, and is 

found t o  be g r e a t e r  than the cros6 s e c t i o n  of the  encounter  cy l inde r ,  de te r -  

mined by t h e  i n c i d e n t  subsonic  florr of  plasma without  f i e l d ,  or of a flux 
of  i n t e r a c t i n g  p a r t i c l e s .  

It should De noted t k - a t  a f t e r  t h e  c l o s e s t  raFprochement of t he  

E a r t h ' s  ma,qetospnere w i t h  the  axial l i n e  o f  t h e  flow, the  sources  of the 

flux's proper  f i e l d  are found t o  be wi th in  t h e  bounds of  the  Kach cone, 

which a l s o  allows t o  speak of t h e  p o s s i b i l i t y  of  g r e a t e r  energy t r a n s f e r  

* s e e  i n f r a p a g m  note  next  page. 
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t o  t h e  magnetosphere (by comparison w i t h  t h e  motio?: o f  t h e  E a r t h ' s  magneto- 

sphe re  i n  a flux o f  plasma w i t h  magnetic f i e l d ,  o f  which t h e  sou rces  are on 

the S u n ) .  

of t h e  flow, t h e  increase of t h e  ma-gnetic f i e l d  l e a d s  t o  t h e  r ise  of t he  

k l fv&n  v e l o c i t y  and may l e a d  t o  t r m - s i t i o n  t o  subsonic  c h a r a c t e r  o f  t he  flow. 
I n  this case, t h e  p a r t i c l e s  of t h e  f l u x ,  d i r e c t l y  i n t e r a c t i n r  with t h e  magne- 

tosphere,  will induce a dece le ra t ion  

of  t h e  nPgnet ic  f i e l d  of the  flux, which should i n  its t u r n  inc lude  i n  t h e  

i n i e r a c t i o n  t h e  more remote p a r t i c l e s ,  t rapped ( r e t a i n e d )  by the magnetic 
f i e l d  of t h e  flux and n o t  p a r t i c i p a t i n g  i n  the  d i r e c t  i n t e r a c t i o n  a i t h  t h e  

E a r t h ' s  nagnetosphere. On t h e  whole, t h e  i n c r e a s e  i n  t h e  e f f e c t i v e  i n t e r -  

a c t i o n  c r o s s  s e c t i o n  may resul t  q u i t e  s u b s t a n t i a l  ( b? a f a c t o r  o f  5 t o  10). 

A t  t h e  same t i m e ,  a6 the  magnetosphere draws n e a r e r  t h e  a x i a l  l i r - e  

(and a corresponding r e c o n s t r u c t i o n  ) 

The i n f l u e n c e  of t he  magnetic f i e l d  o f  t h e  f l u x  may a l s o  r e su l t  t o  be 

d e c i s i v e  i n  r e l a t i o n  t o  t h e  p o s s i b i l i t y  o f  p a r t i c l e  i n j e c t i o n  from t h e  cor- 
puscular  stream i n t o  t h e  E a r t h ' s  magnetosphere c131. The f i e l d  of  t h e  flux 

may play an i n t e r v e n i n g  r o l e  i n  the i n j e c t i o n  o f  solar plasma p a r t i c l e s  at 

reconnect ion of t h e  l i n e s  of force  of the f l u x ' s  f i e l d  with the l i n e s  of force  

o f  t h e  geomagnetic f i e l d  h41.  The l a t t e r  s r o c e s s  i s  a l s o  i r , o r t a n t  w!,en 
analyzing t b e  motions i n  t h e  maznetosphere. 

F i n a l l y ,  l e t  UE note  the i n f luence  of  the magnetic f i e l d  nf the f lux  

on t h e  degree of t h e  f r i c t i o n a l  e f f e c t  a t  f l u x ' s  i n t e r c c t i o n  x i t h  t h e  magne- 

tosphere.  !?itf?out recourse t o  f r i c t i o n a l  e f f e c t  and. of  Corresponding motions 

i n  t h e  ma'ynetosphere, i t  is d i f f i c u l t  t o  e x p l a i n  t h e  d a t a  o f  maznetic storrr, 

norphology, t h e s e  being instrumental  i n  t h e  r a p i d  changes i n  t h e  p a t t e r n  of 

p o l a r  d i s turbances  DP h51.  
f r i c t i o n  mechanism is a l s o  t he  mechanism r e r p o n s i b l e  f o r  t h e  main phase of 

t h e  storm ( formation o f  t h e  r i n g  cu r ren t ) .  The Kelvin-Jelzhol tz  i z s t a b i l i t y  

a t  t h e  boundary o f  two p l a n a  rey ions  w i t h  independent masnetic f i e l f i s  depen.is 

on t h e  angle  between t h e  d i r e c t i o n  of t h e  f i e l d s .  The magnetic f i e l d  dimi- 

mishes t h e  s t a t e  o f  f r i c t i o n  ( s t a b i l i z e s  t h e  boundary) i f  the f i e l d  is not  

p a r a l l e l  ( o r  n o t  a n t i p a r a l l e l ) .  I n  t h e  oppo.?ite c2se t h e  " f r i c t i o n "  w i t h  

enery.:y t r a n s f e r  from one region t o  t h e  o t h e r  is inescapable .  

It is q u i t e  p o s s i b l e  t h a t  dependent u2on t h e  



At i n t e r a c t i o n  of corpuscular  streams w i t h  t he  Ea r th ' s  nagnetosphe- 

r e  t h e  d i r e c t i o n  of t h e  mamet i c  f i e l d  of the f l u x  is n o t z  genera l ly  r e l a t e d  

t o  t h e  more o r  l e s s  f ixed  i n  space geomagnetic f i e l d .  According t o  s a t e l l i t e  

d a t a  i t  v a r i e s  i n  time and space t o  a s u f f i c i e n t l y  marked e x t e n t  C161. (Note 
t h a t  t h i s  f a c t  may be viewed as st i l l  another  a r g m e n t  i n  favor of  the  repre-  

s e n t a t i o n  about t he  irre,rrularities i n  s o l a r  corpuscular  s t reams 1. T h u s ,  i t  
is n a t u r d  t o  expect t h a t  i n  s p e c i f i c  cases  the  magnetic f i e l d s  of t h e  flux 

and of t h e  t e r r e s t r i a l  magnetosphere may e i t h e r  result t o  be p a r a l l e l  o r  
a n t i p a r a l l e l ,  which Q J O U ~ ~  be manifest  i n  t he  appearance of a notable  f r i c -  

t i o n a l  e f f e c t  and energy in t roduc t ion  i n t o  the Ear th ' s  mapetosphere ,  l i n k e d  

rrith i t ,  t h a t  is,  i n  the  geoeffect iveness  of tile solar corpusculzr  strearc. 

Therefore ,  e i t he r  the presence or t h e  absence of geoef fec t iveness  

of t h e  solar corpuscular  stream are apparent ly  deterlliined by the  o r i e n t a t i o n  

of the  s t ream's  f i e l d  r e l a t i v e  t o  t h e  geomagnetic f i e l d  i n  t h e  process  of 

t he  i n t e r a c t i o n  of the  f l u x  (s t ream) with the  Za r th ' s  magnetosphere. 

4.- In connection w i t h  the r o l e  of the magnetic f i e l d  of the  s t r e a n  

(flu) i n  ener:T t r a n s f e r  t o  the Ear th ' s  magnetosphere C171, i t  i s  necessa- 
r y  t o  stress the  i m p o s s i b i l i t y  of s t ream's  f i l e d  p n e t r a t i o n  into t h e  masne- 

tosphere  ( con t r a ry ,  f o r  example, t o  c31),  t h a t  is,  the impocs ib i l i t y  of 

v a r i a t i o n  of magnetosnhere's m a p e t i c  flux d i r e c t l y  a t  the ex3ense of 

the  magnetic f i e l d  of the corpuscular  stream. In o t h e r  words, i t  is in.oor- 

t a n t  t o  note the necess i ty  of  transforming the  energy of the  naGnetic f i e l d  

of the  corpuscular  s t ream even i f  i t  does not  play a s u b s t a n t i a l  r o l e  i n  

the  explana t ion  of geomagnetic dis turbances.  It s h o u l i  be borne i n  mind 

t h a t  t h e  maSnetic f i e l d  of  the  s t r e a n  is an e x t e r n a l  f i e l d  r e l a t i v e  t o  t h e  

E a r t h ' s  naznetosphere,  which c o n s t i t u t e s  , at l ea s t  a t  d i s t a n c e s  from 3 -4 
t o  10-15  RE, a highly-conducting plasma. I n  order t o  confirm t h i s  posi- 

t i o n ,  l e t  us br ing  f o r t h  the est imate  of c e r t a i n  parameters c h a r a c t e r i z i n g  

the  mnZnetosLJhere plasma, basing  ourselves  

A t  t h e  same t i r te ,  i n  accord wi th  the experirsental  d a t a ,  we s h a l l  assume 

on the formulas obtained i n  C183. 
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T A B L E  

Gyrofrequency f o r  t he  i o n s  Qi rad/sec 
period Ti 6ec 
Larmor r ad ius  Li, cm 

per iod  T, ,. 6ec 
Larmor r a d i u s  Le,  cm 

Debye radius D, cm 

Thermal v e l o c i t y  of ions V t  , cm/sec 

Thermal v e l o c i t y  of  e l e c t r o n s  V g  cn?/sec 

Plasma frequency w rad/sec.  

Gyrofrequency f o r  t h e  e l e c t r o n s  Qe rad/sec 

P' 
period Tp, s e c .  

- 

Fressure  p ers/cm3 

Magnetic pressure ,  3 erg/cm 
e- 

pmagn 

The conduct iv i ty  6 is determined by the  e f f e c t i v e  number of col- 

l i s  i o n s  
ei ee em ei m l?hl = 1'&@ + V,@@ + V&q, = V&Q, f- l":,l[l* 

( t he  i n d i c e s  e,  i, m correspond t o  e l e c t r o n s ,  ions and n e u t r a l  p a r t i c l e s ;  

[ t he  index ~ 4 4  means ''eff''); an analogous expression should a lso  be w r i t -  

t e n  f o r  S ~ W ? ) .  For the T p y l i c a b i l i t y  of t h e  k i n e t i c  approach C181,it is 
necessary t h a t  o$>w2. By the same token we l i m i t  t h e  v a l i d i t y  of our 

d i scuss ions  t o  the  r e s ion  of s u f f i c i e n t l y  low f requencies  ( see  Table) .  

But i f  above a l l  c 'J>~ 'w~,  then during the  es t imates  of conduct iv i ty  d i t  
majr be es t imated  t h a t  YJW depends only on the  v e l o c i t y  tt', neg lec t ing  

the  dependence on the  frequency W .  I n  tnis case 

i 

where 

or ( a f t e r  s u b s t i t u t i o n  of numerical v d u e s )  

I n  case of c o l l i s i o n s  w i t h  molecules the  Coulomb f o r c e s  a r e  not  

taken i n t o  account at g r e a t  d i s t ances  and the  t r ansve r se  c r o s s  s e c t i o n  



depends l i t t l e  on J and on the s c a t t e r i n g  angle 8 ;  This  is why, 

t he  ruolecule t o  be hard  sphere of r aa ius  a-10°8cE, we have 

7 .  

cons ider ing  

ns of ions, 

The e s t ima te  of conduct iv i ty  of p a r t i a l l y  ion ized  medium is a r a t h e r  

I complex problem. However, i n  t he  outer  p a r t s  of t he  magnetosphere we may 

n e s l e c t  t he  in f luence  of n e u t r a l  ions,  t h a t  is, we aay e s t i f i a t e  t he  bond 

of ion-e lec t ron  plasma with n e u t r a l  atoms as very weak, In accord w i t h  [lg] 
t h e  w e a k  bond condi t ion  is 

o;,Y:& + 7nev:;,/nLi)-* > 1. 
Ina.smuch as t he  reg ion  under cons idera t ion  is t h a t  of s u f f i c i e n t l y  

l o =  f requencies  (see above),  t h i s  condi t ion  is f u l f i l l e d .  k.#eed, f o r  f r e -  

quencies o -loo2 (~-1s s e c )  

Noting, by t he  way, t h a t  i n  the  considered case the mean f r e e  path - ldLo cm, is coaparable with the c h a r a c t e r i s t i c  dimension (- 8 R E )  of 
9 t he  reg ion  L N 5 10 c m  , which, according t o  t h e  c l w s i f i c a t i o n  of c201, 

corresponds t o  average d e n s i t y  plasma with all t h e  ensuing consequences re- 

l a t i v e  t o  high conduct iv i ty  and t h e  v a l i d i t y  of plasma d e f i n i t i o n  a6 a f l u i d ,  
In the  o u t e r  magnetosphere t h e  mediun: is a n i s o t r o p i c ,  inasnuch a6 i n  

the given case the  i s o t r o p y  condi t ion is not  f u l f i l l e d  C183 
ei ink 

Q&i < ~ 3 + +  ~3,110. 



I n  connection w i t h  the genera l ized  Ohm l a w  for an a n i s o t r o p i c  medium 

where, n e g l e c t i n g  the  con t r ibu t ion  of i o n s ,  

I n  the  expreszion f o r  the H a l l  conduct iv i ty  

5. - L e t  us now t u r n  back t o  t h e  quest ion of magnetic f i e l d  of t h e  

s t r eam p e n e t r a t i o n  i n t o  t h e  E a r t h ' s  magnetosphere ( sec ,  4). I n  the presence 

of hi@d.y conducting plasma i n  the magnetosphere t h e r e  t akes  p lace  the con- 
se-rvation of the  magnetic flux. The l i n e s  

of  fo rce  of t h e  stream's f i e l d  behave as 
i f ,  somehow, they would I8flovP pas t  the  

Ezrth's naxnetosphere , without penetra- 

t i n g  i n t o  it (see  Fig. 1 ) .  I n  the  presen- 

ce i n  the  f i e l d  of a component, perpendi- 

c u l m  t o  t h e  motion d i r e c t i o n  of the  flow, 

f i e l d  con t r ac t ion  takes  p lace  ahead of the  

magnetosphere (with a corresponding decrea- 

e e  o f  s t ream's  plasma compress ib i l i ty  at 

t h e  expense of magnetic p re s su re  r i s e )  with s l i p F i n g  s idewise.  The 

r e p r e s e n t a t i o n  of the  magnetosphere as a h igh ly  conducting f l u i d  cont,pels 

us  t o  seek a magnetohydrodynamic t reatment  of t he  problem of geomagnetic 

s torms (see  f o r  exarzple 

t o  propose a concrete  phys ica l  mechanism of geomagnetic s torm development, 

admi t t ing  both,  the magnetohydrodynamic as wel l  as the  c l a s s i c a l  t rea tment  

( t h e  fo rne r  with r ep resen ta t ion  of magnetosphere corapression and expamion  

c231, and the  l a t t e r  with r i n g  cur ren t  r ep resen ta t ion  dur ing  t h e  main phase 

of the storm c241). 

Fig. 1 

c21, 221. The discovery of r a d i a t i o n  belt6 allowed 
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9 .  

The frozen-in s t a t e  o f  the  magnetic f i e l d  i n  t h e  plasma l e a d s  t o  
f i e l d  i n c r e a s e  at plasma compression and its a t t e n u a t i o n  at expansion. A t  

t h e  same time t h e  i n c r e a s e  and the  decrease of  the  f i e l d  ( t h a t  is, the  appea- 

rance of 5.6 not  connected with the  r e a l  change of the  nagnet ic  f lux,  
and consequent ly ,  i t  h a s  noth ing  i n  common with t h e  i n c r e a s e  or decrease of 

t h e  f i e l d  on account of  s t ream's  f i e l d  superimposi t ion.  

6. - Correspondingly with these r e p r e s e n t a t i o m ,  any gene ra l  p l ane ta ry  

nega t ive  p e r t u r b a t i o n  m u s t  be  l i nked  with magnetosphere expansion a t  t h e  ex- 
pense of the energence of  an add i t iona l  number of charged p a r t i c l e s  i m i d e  

t h e  magnetosphere 

o r  on account of p a r t  of t he  l i n e s  of force  of t h e  geomagnetic f i e l d  being 
c a r r i e d  a w a y  by t he  corpuscular  s t ream (formation of magnetosphere t r a i n ) ;  

a c t i o n  by both mechanisms is qu i t e  poss ib l e .  Any i n c r e a s e  of external, e i t h e r  
k i n e t i c  or magnetic pressure  of the corpuscular  stream may l e a d  only t o  posi- 

t i v e  gene ra l  p l a n e t a r y  pe r tu rba t ions .  Indeed, any l i n e  of force  of  a magentic 

f i e l d ,  e x t e r n a l  r e l a t i v e  t o  the magnetosphere, and i d e n t i f i e d  by charged par- 

t i c l e s  tw i s t ed  near  i t ,  does not  pene t ra te  t h e  magnetosphere plasma, but  

"pushes" i t .  I n  the  last r e s o r t  the e x t e r n a l  f i e l d  might d i f f u s e  through the  

magnetosphere and induce the  f i e l d  a t t e n u a t i o n  at t h e  Ear th ' s  su r f ace :  however, 

t h e  c h a r a c t e r i s t i c  t i n e  of  d i f fus ion  is very g r e a t .  

or h e a t i n g  ( a c c e l e r a t i o n )  of previously e x i s t i n g  p a r t i c l e s  

Andogous r e p r e s e n t a t i o n s  should  be borne in mind a l s o  when ana lyz ing  

the  queot ion of e n e r g e t i c  l o s s e s .  Being l e f t  on i ts  own, t he  geomagnetic 

f i e l d  is very i n e r t i a l  only under in f luence  of i n n e r  source6 of l o s s e s .  

Indeed, i n  t h e  presence of frozen-in s t a t e  of t h e  maznetic f i e l d  i n  t h e  magne- 

tosphere plasma the  c h a r a c t e r i s t i c  a t t e n u a t i o n  t ime is t - 4 t d L  / c  , where 

6 i L c  t h e  conductance, L is t h e  c h a r a c t e r i s t i c  dimension, c i s  the  speed 

of l i g h t .  
by 10 km , s o  t h a t  10  6ec be requi red  f o r  t h e  r e t u r n  t o  i n i t i a l  s ta te ;  
f o r  l e s s e r  l i n e  of force  displacements ( l e s s  t han  the  v a r i a t i o n s  of t he  geo- 

magnetic f i e l d )  t he  c h a r a c t e r i s t i c  a t t e n u a t i o n  t i m e  decreases .  

2 2  

A t  6 cv 1d2 sec'l i t  is s u f f i c i e n t  t o  s h i f t  t h e  l i n e  of f o r c e  
4 

Taking i n t o  account the  above expounded cone ide ra t ions ,  t he  r a t e  of  

e n e r g e t i c  losses  at genera l  p l a n e t a r y  p e r t u r b a t i o n s  is determined by t h e  r a t e  

of  magnetosphere ~tcooli.ngt'. In o t h e r  words, i f  t he  source of t h e  storm, 
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a s s u r i n g  t h e  e n e r m  i n g r e s s  i n t o  the geoIcagnetic f i e l d ,  is disposed o f ,  t h e  

speed tf field r e s t o r a t i o n  t o  the  normal ( i n i t i d )  s t z t e  is determined by 

t h e  v e l o c i t y  of removal of geona&netic f ie ld- t rapped  e n e r g e t i c  p a r t i c l e s  
bea r ing  t h e  r e e g o n s i b i l i t y  f o r  t h e  per turba t ion .  The charge exchange r e a c t i o n  

between radia- t ion b e l t  p ro tons  and atmosphere* s (geocoronals ) n e u t r a l  hydro- 

gen atoms (c233 , i nc lud ing  t h e  in f r apag ina l  n o t e s )  is i n  t h i s  regard e f f e c t i v e .  

As a r e s u l t  of t h i s  r e a c t i o n ,  t he  proton l o s e s  a s i p i f i c a n t  p a r t  of its ener- 

gy, and t h e r e f o r e  does not  con t r ibu te  s u b s t a n t i a l l y  t o  t h e  geonagnetic e f f e c t s .  

The concent ra t ions  of atomic hydrogen a t  d i s t a n c e s  -4RE is 

and the  l i f e t i m e  of e n e r g e t i c  protons c o n s t i t u t e s  -.l$ s e c  [23,251. Duzing 
major s torms the  con t r ac t ion  o f  the  magnetosphere is g r e a t e r ,  t h e  r i n g  cur- 
r e n t  forms nea re r  the  Ea r th ;  accordingly,  t h e  l i f e t i m e  o f  protons is l e s s e r .  

The chsrge exchange process  a c c e l e r a t e s  also as a r e s u l t  of magnetosphere heat-  
i n g  by magnetohydrodynamic waves, which t o o  l e a d s  t o  t h e  cur ta i lment  of  the  

l i f e t i m e  of protons.  

102 cn-3, 

Note t h a t  the  last circumstances agree wel l  with the  observat ion data .  

F i r s t l y ,  t he  du ra t ion  of the r e s t o r a t i o n  phase decreases  indeed with t h e  rise 

of s torm i n t e c s i t y  k63 .  
s o l a r  a c t i v i t y  cyc le  C271.The l a s t  case should have becn expected from t h e  

fol lowing considerat ions.  According t o  C281, tile i n t e n s i t y  of solar rad ia-  

t i o n  recponsible  for the fnrmatioE n f  atemir hydrogen ( A 2000 A 1 ,  v a r i e s  

l i t t l e  w i t h  t h e  course of the cyc le ,  w h i l e  r a d i a t i o n  with 

n ing  t h e  temperature of t he  exosphere, is l e s s  i n t e n s e  i n  the  cyc le  mininwn. 
I n  connection with t h i s  t h e  geocorona must be denser  in the  n in inuu  yea r s ,  i n=-  

much as t h e  c o r r e l a t i o n  between t h e  r a t e  of  a ton ic  hydrogen formation and its 
escape v a r i e s .  T h i s  is why t h e  phase of r e s t o r a t i o n  of t he  s torm nust a lso  

be s h o r t e r  i n  t h e  cycle  minimum. 

Seccndly,  t h i s  phase v a r i e s  with the course of t he  

0 

x1000 i, de te rn i -  

Besides protons,  e l e c t r o n s  may a l s o  be respons ib le  f o r  t h e  r i n g  cur- 

r e n t  ( o r  f o r  l i n e  of fo rce  s h i f t ,  which is e q u i v a l e n t )  

betv1een the e l ec t rons  themselves (as a r e s u l t  of  pitch-angle chao t i za t ion  ana  

t h e  ensuing decrease i n  t h e  number of e l e c t r o n s  K i t h  sad1 pi tch-anz les )  may 

l e a d  t o  e l e c t r o n  a n n i h i l z t i o n  i n  the dense l a y e r s  of the  atmosshere. Accord-' 
i n =  t o  C301, t h e  time rei-luircd f o r  the d i r e c t i o n  of p a r t i c l e s  moving i n  a gas 

of i d e n t i c a l  p a r t i c l e s ,  t o  change by 90' is hr 2 10 s e c  (101' a concentra- 

t i o n  of 200 cm-' 

c291. The i n t e r a c t i o n  

6 

, v;hich i s  evident ly ,  over ra ted  and energy o f  1 kev)  
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For e lec t ron-pro ton  c o l l i s i o n s  t h i s  r a t e  decreases  by 1 0  day6 . I n e l a s t i c  col- 
l i s i o n s  of e lecctronE with e n e r ~ i e s  - 1 kev with hydrogen atoms correspond 

t o  a t i m e  o f  - 3 s 1 0  sec .  Thereiore ,  t h e  dea th  of e l e c t r o n s ,  survi:ring lon- 

g e r  t h a n  pro tons ,  can ha rd ly  determine t h e  rate of e n e r g e t i c  l o s s e s .  

6 

It is c l e a r  t ha t  t h e  d r i f t  away v e l o c i t y  of p a r t i c l e s  is n o t  g rea t .  

811 p a r t i c l e s  ( t o t a l  return t o  normal s t a t e )  m a y  be removed i n  about 105- 
1 0  s e c .  A s n a l l e r  f r a c t i o n  o f  p a r t i c l e s  m y ,  ev iden t ly ,  d r i f t  away i n  a 

l e s s e r  t i n e  ( incomplete r e t u r n  t o  normal s t a t e ) .  

4 

The above d iscuss ions  r e f e r  t o  georriagnetic d i s turbances  of genera l  

p l ane ta ry  c h a r a c t e r ,  t h a t  is ,  t o  pe r tu rba t ions  l i n k e d  with t h e  extra-iono- 

s p h e r i c  p a r t  of t he  nagnetosphere,  The d is turbances  l i n k e d  w i t h  the iono- 

sphere  have a s u b s t a n t i a l l y  l e s s e r  a t t e n u a t i o n  t i n e  (on account o f  lesser 

conduc t iv i ty  6, as well as fxkLler c h a r a c t e r i s t i c  dimensions 1. Boxever, t h e  

d iz turbances  of the ionospher ic  o r i g i n  cannot have i n  t h e  genera l  p lane tary  

p lan  a h i s h e r  energy than  t h a t  of ge r tu rba t ions  of extra- ionospheric  o r i g i n  

(and t h i s  on t h e  b a s i s  of  r ep resen ta t ions  on c a u s a l i t y ) .  The ener,:etic es- 
t i m a t e s  l-51, 321 a l s o  r e f e r  t o  t h a t .  

ances  may r e f l e c t  not  only t h e  i r r e g u l a r  cha rac t e r  of enerGy i n g r e s s  i n  the  

m>r;netosphere, l i n k e d  with the  inf luence  of the m a p e t i c  f i e l d  of t h e  s t r e w  

on its i n t e r a c t i o n  w i t h  the  Earth's ma,ynetosqhere, but a lso  t h e  mr?unfform 
and nonstation'ary cha rac t e r  of d i s t r i b u t i o n  of geocorona's atomic hydrogen. 

Note t h a t  the  i r r e g u l a r  Di- d i s tu rb -  

7.-Obviously,  t h e  most imgortant ques t ion  of  t he  in t roduc t ion  me- 

chmism of ener,T i n t o  the  E a r t h ? s  magnetosphere i s  not  reso lved  by our  d i s -  

cuss ions  an2 reasonings.  It is  most probable of  all, t h a t  e f f e c t i v e  i n  t h i s  

regzrd  ace not  one, but s e v e r a l  nechanisms, coq lemen t ing  one another ;  

1 )  at t h e  expense of boundary t u r b u l i z a t i o n  small plzisma c l u s t e r s  

may math i n s i d e  t h e  magnetosphere and be t rap3ed  by the  geomagnetic f i e l d ;  

t h e  c l u s t e r s ?  Froper f i e l d ,  takinr;  i n t o  account t he  smallness  of t h e i r  dinen- 

Zions,  mst r a p i d l y  a t t e n u a t e ;  
2 )  t he  magnetohydrodynai.-ic waves, emer,-inF at msgctosphere  boundary 

a t  i r r e y l a r  a c t i o n  of the  s t ream (takin.: i n t o  account t he  f i e l d ) ,  may become 

shock waves at masne tosphere Denctrzt ion,  w i t h  a correroonuing ener-7 d i s s i -  

pa t ion  and maynetosphere plasma heat ing  ( t h i s  i s  d o s e  t o  t h e  i d e a  of  t he  

magnetic "piston",  develooed i n  c33 ); 
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3 )  --&ere is i n  t h e  t r ans i t , ana l  r eg ion  betveen the  magnetopause and 

s t a n d i n g  shock wave a t u r b u l e n t  r eg ion ,  which na:?considered a6 an i s o t r o p i c  

s e t  of a c o u s t i c  waves. Taking i n t o  account t he  r e l a t i v e  motion of the  plasma 

i n  this region and i n  t h e  o u t e r  part of the magnetosphere, the  r e f r a c t i o n  of 
naves at magnetosphere boundary d l O W r 6  t o  exp la in  t h e  t r a n s f e r  i n s i d e  t h e  

magnetosphere up t o  ld-9 erg/sec c333, which apparent ly  is s u f f i c i e n t  for 

t h e  exp lana t ion  of  storm's energy; 

4) t h e  mechanism of nonl inear  r e a c t i o n  of e l e c t r o n s  and of PO- e s i b l e  

a c o u s t i c  waves in t he  unsteady t r a n s i t i o n a l  r eg ion  of s o l a r  wind i n t e r a c t i o n  

F i t h  t he  E a r t h ' s  magnetosphere, which is  l i n k e d  w i t h  the  resonance events  

on e l e c t r o n  gyrofrequency and suggests the modified mechanism of  cyc lo t ron  

i n s t a b i l i t y  f-343 , 
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